The reflective null corrector used to manufacture of the Hubble Space Telescope contains valuable information about the prescription of the primary mirror since an excellent null was achieved between the null-corrector wave front and the primary-mirror wave front. During the Phase I measurements, the leading cause of the spherical aberration, the field lens position error, was discovered and remeasured to an accuracy of ±0.005 mm. To derive the conic constant of the primary mirror to an accuracy of ±0.0003, we remeasured the parameters of the reflective null corrector that could contribute to the spherical aberration of the primary mirror.
Introduction
The presence of spherical aberration in the Hubble Space Telescope (HST) was announced by NASA on 21 June 1990. NASA commissioned investigation teams to determine the cause of the aberration and then to quantify the amount of aberration in the telescope. This information is critical for the design of future replacement instruments. The Hubble Independent Optics Review Panel (HIORP), a team chaired by Duncan Moore, coordinated the characterization of the optical properties of the telescope.
The HST primary mirror was tested throughout 1980-1981 with a reflective null corrector (RNC), which had been left untouched in a restricted area since its last use and was still in its original test configuration. The RNC is designed to produce the same amount of spherical aberration as the primary mirror contains but is opposite in sign so that when combined they produce a wave front with zero aberration or a null. Since interferograms of the RNCprimary-mirror combination show that an excellent null was achieved, remeasurement of the RNC provides valuable information about the prescription of the primary mirror. The purpose of these measurements was to derive the conic constant of the primary mirror and to quantify the error bars on the derived conic constant.
The original goal was measurement of the parameters of the RNC that could influence the amount of spherical aberration in the telescope to an accuracy of -0.02 waves rms of Zernike P11 (third-order spherical aberration). This corresponds to an uncertainty in the primary-mirror conic constant of ±0.0005. The HIORP later requested a goal of ±0.0003 (0.011 waves rms P11). To achieve this uncertainty in the final value of the primary-mirror conic constant, we needed measurement accuracies in the 5-15-[Lm range for all measurements.
Reflective Null Corrector (Mechanical Design)
The figure of the primary mirror was measured with a coaxial reference interferometer (CORI) in conjunction with an in-line RNC. The null corrector consisted of two spherical mirrors, the larger of which has a clear aperture of < 10 in. (25.4 cm) and a small refracting field lens whose clear aperture is < 1 in. (<2.54cm).
The null corrector was designed, analyzed, and manufactured so that it achieved the objectives of mirror figure, optical alignment, and stability. Stability is extremely important since the performance of the null corrector was certified through individual elements and alignments. After certification it was essential that the optical performance remain within tolerance throughout all measurement cycles in various environmental conditions. The null-corrector cell design is depicted in Fig. 1 . The null corrector was mounted to a vibration isolation chamber with its optical axis aligned vertically (see Fig. 2 ).
The support frame is a seamless aluminum tube, 16 in. (40.6 cm) in diameter with 0.5-in.-(12.7-mm) thick walls. The tube supports an aluminum reference plate at the lower end to which all axial spacing elements are attached. The three optical elements (field lens, lower mirror, upper mirror) are all spaced upward from the reference plate. Material for the axial spacing members for each element was selected so that the product of the length times the coefficient of thermal expansion is a constant within known limits. The field lens is spaced by an aluminum cell. The lower mirror is spaced by stainless-steel flexures. The upper mirror is spaced by Invar metering rods. An increase in temperature will move all elements in the same direction close to the same distance. An increase in temperature of 2 0 F (16.6 0 C) will increase the mirror spacing by 0.2 m. The distance from the field lens to the mirror vertex increased by 0.58 pum. The best-fit line through various data points reconfirmed this design value.
The axial spacing of key elements is controlled by design and selection of materials. Lateral alignment is controlled by symmetry about the optical axis.
The mirrors are Cervit, and the outer shell is aluminum. The lateral spacing of each mirror is controlled by three tangential flexures, equally spaced at 120 deg, which connect the outer shell to the mirror. An increase in temperature will cause the shell to expand more than the Cervit. This causes a slight rotation of the mirror about the optical axis. No significant lateral translation occurs because of the symmetric configuration. Expansion of the tangent bars acts to reduce the rotation of the mirrors. Both mirrors rotate in the same direction by the same amount. The effect on optical performance is insignificant.
The effect of gravity on the mirror figure is controlled by supporting the weight of each mirror by 52 low-rate springs arranged in a grid pattern. The force of each spring was adjusted to minimize mirror deflection. The spring forces were trimmed at assembly to provide minimum reaction at the three-position control point to avoid a local figure effect.'
Reflective Null-Corrector Measurements
The RNC was still mounted in the test chamber as shown in Fig. 2 . Access to the components was a critical factor in determining the method for conduct- ing the measurements. The primary guidelines for testing were to maintain the RNC in the original configuration, to provide cross checks for the measurements, and to document the pedigree of all the data. The documentation included certification of all test tools, equipment, and data-reduction methods; calibra-
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An optical schematic of the HST RNC is shown in Fig. 3.2 We used the CORI with the null corrector to measure the primary mirror. Six parameters of the null corrector that could contribute to the amount of spherical aberration in the primary mirror were measured. The field lens position error (FLPE) shown as distance C in Fig. 3 accounted for most of the wave-front aberration observed in orbit. We measured the other parameters of the RNC including the CORI focus to vertex of null mirror 1 (NM1) (distance A in Fig. 3 ), the null-mirror separation (distance B in Fig. 3 ), the radii of both null mirrors, and the focal length of the field lens to narrow the error bars on the uncertainty of the primary-mirror conic constant. We measured the closure measurement (distance D in Fig. 3 ) to provide a cross check for the sum of the spacings in the null corrector.
The tooling that we used to measure the RNC had to be designed for use in the test chamber (see Fig. 2 ) without disturbing the condition of the null corrector. Originally Invar rods were used in the laboratory to set the spacings between the centers of curvature of the null mirrors, the CORI focus to NM1 center of curvature, and the field lens to NM2 center of curvature. The CORI-RNC was then transferred to the test chamber where the CORI-RNC alignment was verified to the axis of the RNC, and the CORI-RNC was aligned to the primary-mirror metrology mount. For the 1990-1991 measurements it was impossible to repeat the original procedure using the Invar rods because one of the rods was too long to insert in the null corrector with the CORI in place in the test chamber. Tooling had to be designed to be installed from between the null-corrector mirrors. -Access to the CORI focus and field lens was available only in this manner. The field lens could in principle be reached from underneath the null corrector if scaffolding was designed that provided access. Early measurements on the focal length of the field lens were designed so that they worked from the primary mirror metrology mount to avoid this complication. More precise testing of the field lens was completed after critical spacing measurements were complete, and the RNC was removed from the tower. Detailed reports were written on the testing of the RNC. This paper contains a summary of the highlights of each test.
Null-Mirror 2-Field-Lens Measurement
The NM2-field-lens tool design 3 is shown in Fig. 4 . Its primary components are a platform with a threeball interface to NM2, a dial indicator with 1-gm graduations, and an Invar thin wall measuring rod for contacting the field lens. Level vials with 20" graduations reverified both the level and repeatability of the tool. A rod-lifting mechanism raised the rod during tool installation and removal to prevent inadvertent contact with the field lens. The rod tip was calibrated to contact the field lens at its vertex to within 30 im. The tool was removed and installed in a certified measuring standard, and its height was measured to 1-gm accuracy (see Fig. 15 below). The temperature of the RNC and the measuring standard were measured to 0.2 0 C.
Care in handling and procedure resulted in 0.25-gm repeatability during use. The greatest variation encountered during the measurement was due to temperature changes in the RNC and the measuring standard. For this reason we adjusted all data points to 2C using the coefficient of thermal expansion values for the measuring standard and the RNC components. The value for the NM1 to field lens was 212.056 mm. The root sum of the squares (rss) error (all sources) was 0.005 mm. The technique for measuring the axial spacing between the NM1 and NM2 optics was a matter of in-depth discussion between the authors and the NASA representatives responsible for certifying the null-corrector prescription. The technique originally used to set the NM1-NM2 spacing was to measure the spacing between the centers of curvature of the mirrors. This dimension and the exact radii values for each mirror provide an excellent noncontact approach to mirror spacing verification. Implementation of this technique would have required removal of the CORI interferometer, which violates the agreement with NASA not to alter the RNC. A direct measurement approach permitted a cross check on the previous work, establishing a vertex-to-vertex dimension repeatable to 15 gim. The measuring tool (see Fig. 6 ) consisted of a 1-gm graduation indicator coupled to an Invar thin wall tube and other lightweight Invar components.
The indicator was operated with a remote flexible cable. This permitted quick repeatability verification and also provided clearance to prevent damage to the indicator tip during tool installation into the RNC or the calibration standard. During the actual measurements the tool was repeatable to 1 gim. The value obtained was 469.577 mm. The rss error (all sources) was 0.015 mm.
Null-Mirror 1-CORI Focus
The location and measurement of the CORI focus required placing an optical-quality ball at the focus of the CORI interferometer with a tool that could be removed for gauging against a standard and could repeat that alignment on reinsertion. Figure 7 shows the configuration used during this measurement, which employed an optical-quality ball mounted to a precision micrometer. Before we measured the NM1-CORI focus dimension, 3 it was important to determine if the CORI focus could have shifted as a result of a change in collimation of the interferometer wave front. We mounted a shear plate interferometer in a custom rotary stage as shown in Fig. 8 to measure the collimation of the input beam to the CORI objective in Ax and by. The first set of measurements confirmed that the NM1-CORI focus despace had extreme sensitivity to temperature variations and needed to be characterized. In addition we varied the CORI temperature by 3 0 C to observe any changes in collimation. No measurable effect was observed. During HST primary-mirror testing the CORI was maintained at 21'C. During our testing, temperature control within the confines of the tower was extremely difficult. The heat generated by the one or two technicians involved in the tool operation in the tower was sufficient to raise the temperature of the RNC by 0.6 0 C/h. This was not a problem during the manufacture of the HST primary since most of the interferometric alignment functions were remotely activated. To best establish the CORI focus-NM1 despace at 21'C, we decided to take separate data runs at temperatures from 19 to 21 0 C. Taking data over this range would establish the response with respect to temperature from which a value at 21 0 C could be determined.
The plot of the data runs is shown in Fig. 9 . The points show good correlation to the least-squares fit line. The value established at 21 0 C was 62.7167 mm. The 2c value for despace obtained from the test data was 0.0035 mm.
Closure Measurement
The closure measurement 4 spanned the entire distance from the field lens to the CORI interferometer focus. NASA required an independent measurement to confirm the accuracy of the previously measured component spacings. We undertook two ma- . Coaxial reference interferometer focus-NM1 versus null-corrector temperature. Roman and Arabic numbers refer to data sets and readings, respectively; e.g., II-3 indicates data set 2, reading 3. aThe equations used to calculate the environmental compensation effect of the measurement are described fully in the HP 5527A manual where T is the air temperatures (in degrees Fahrenheit), P is the air pressure (in inches of mercury), and H is the humidity () off-axis decenter of 0.03 mm. We inserted a center-
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ing mechanism into the hole in the center of the NM1 WITERI'ROMETER optic and used it in conjunction with the micrometer to locate the CORI focus exactly. Fifteen measurements of the closure dimension were taken over a three-day period with the closure measurement gauge stand shown in Fig. 11 . The null-corrector temperature was measured to 0.1 0 C over a temperature range of 18-21 0 C. The data are plotted in Fig. 12 . The temperature effect compared MICROMETER welma AUSTING well with the data from the CORI focus-NM1 mea-LOCKING surement. The best-fit line through the data points LEVER yields a value for the closure measurement of 744.344 mm at 21'C, a value that is 6 m less than that predicted by the sum of the previous measurements. jor challenges in designing a tool that could perform this task. First, for the tool to be installed in the RNC, it had to be made up of an upper and lower section. This could affect its accuracy and repeatability. Second, the tool had to be precisely off-loaded, because the weight of the measuring tool might displace the field lens and overstate the true axial spacing. The tool design is shown in Fig. 10 . The lower portion of the tool consisted of a three-ball spherometer-type platform, a ball-tipped measuring rod, and a spring off-loader. The upper tool consisted of a micrometer, an optical-quality tooling ball-conical interface, and an off-loader force adjustment. The off-loader force was set to 50 g, which was consistent with the earlier field-lens measurement. Except for the micrometer and the tooling ball, the tool was fabricated from Invar thin-wall tubing and light-weighted machined Invar components. The lower tool was set up so that the indicator tip contacted the field lens with a maximum 
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Field-Lens Back Focal Length Measurement
The objective of this test was to determine the field-lens back focal length 4 (BFL) so that the combined field-lens radii, thickness, and glass index could be verified in one measurement. We compared the measurement with the nominal field-lens BFL and used it to determine its effect on the uncertainty in the primary-mirror conic constant. The desired measurement accuracy was ±88 pum.
The BFL was measured by the laser gauge (Fig. 13 ) as the distance between the cat's-eye position where the wave front from the interferometer is focused on the R1 surface of the lens and the confocal position where the interferometer focus is coincident with the field-lens back focus. We obtained the confocal position by testing the lens in transmission and autocollimating off a retroflat. A Zygo interferometer and a Hewlett-Packard Model 5526A laser measurement system were used (Fig. 14) .
The BFL was measured in consideration of all installation and alignment repeatability errors. Five sets of BFL measurements were performed. Each data set consisted of an average of five readings.
The BFL of the RNC field lens was measured to be 530.0719 mm for a 26-mm beam diameter. This represents the average of five samples with a standard deviation of 0.0216 mm. The data are shown in Table 4 . A full error analysis for the test yielded an accuracy of ±0.0547mm (1c). The dominant contributing error source was in locating the confocal position, which for a slow f/20.6 wave front can be determined only to ±43 [um with a Zygo at 0.6328 Aim. Installation and alignment errors were found to be ±8 [Lm.
In Situ, RNC Mirror Radii Measurement
The radii of curvature were measured for the two RNC mirrors, NM1 and NM2, in their existing mounts in the RNC. 4 We modified the design for the RNC radius bench ( Fig. 15 ) from the standard radius bench to meet the accuracy requirements and to measure the mirrors in situ in the RNC mounts in the vertical configuration. The first modification was the requirement that the interferometer objective itself be translated between the cat's-eye and confocal positions. This was necessary because of the mirrors being fixed in the RNC structure. We used two laser gauges to measure the distance between the cat's-eye and confocal positions. They were placed on equal and opposite sides from the optical axis so that the distance measured with each laser gauge would be averaged to obtain the true radii. The third and most important alteration was a spherical-wave interferometer, multiple-beam (SWIM) f/1 objective that was substituted for the standard Zygo objective. This type of interferometric objective creates high-finesse fringes whose centers can be located extremely accurately (X/100). The high-finesse fringes allowed for visual determination of the minimum power at the confocal and cat's-eye positions. For the cat's-eye position from the apertures in the center of each null mirror to be offset, the radii measurement axis had to be at a slight angle (4.2°) to vertical. This did not affect the measured radius. Figure 15 shows the setup with the SWIM objective being lowered by the air-bearing slide to the position for the lower mirror, NM2. Three optical paths are shown, one for the Zygo and two for the laser gauges. A Hewlett-Packard 5527A laser measurement system was used. To measure the NM1 mirror, we inverted the entire setup and used it in the upward direction.
The NM1 and NM2 mirror radii of curvature were each measured 5 times. Each measurement was the average of 100 sampled points, which reduced the effect of any acoustically induced vibration. These results, the compensation factors, and the final values are shown in Table 1 . 
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Measurement Results
We derived the primary-mirror conic constant by placing the measurement results in an optical design model of the RNC-primary-mirror combination. The conic constant was optimized until a good null was achieved. We then transferred the primarymirror conic constant to an optical model of the HST to analyze the amount of spherical aberration that would be observed on orbit. Each measurement carries a tolerance on the measurement that translates into an uncertainty in the value of the parameter. These measurement uncertainties were quantified in terms of wave-front aberration (primarily third-order spherical aberration) and were easily converted into primary-mirror conic-constant uncertainty. We used this method to provide the error bars on the derived conic constant of the primary mirror. We performed all the analyses by calculating delta wave-front aberration values. When the data are Table 2 .
The measurement results are summarized in Table  3 . The three spacing measurements A, B, and C as shown in Fig. 3 were completed in Phase I3 by December 1990. At that time the Jet Propulsion Laboratory needed a value for the primary-mirror conic constant to fabricate the mirrors for the Wide Field/Planetary Camera II (WF/PCII). The FLPE of + 1.305 mm explained most of the spherical aberration derived from on-orbit images; however, the phase-retrieval results continued to be larger (in absolute value) than the conic constant derived from the RNC measurements. There was still a large spread in the results from phase retrieval at this time; thus the conic constant from the FLPE measurement was adopted. The question of the 0.072-mm shortfall in the separation of the null mirrors was puzzling and had to be incorporated into the uncertainty of our knowledge of the conic constant at that time. Since the distance between the mirrors in the null corrector was set by rods from the centers of curvatures of the mirrors, error bars for the conic constant of the primary mirror were expanded to encompass the possibility that one or both of the null-mirror radii reported was in error. We completed measurements in Phase II4 to cross check the sum of the values reported in Phase I and to measure the null-mirror radii and field-lens BFL. The closure measurement (distance D) was 0.006 mm shorter than the sum of the three values reported in Phase I. The rss of the error bars for the sum of the measurements was 0.017 mm, and the error bar for the closure measurement was 0.010 mm. The value for the closure measurement verified that the spacing measurements completed during Phase I were correct.
The null-mirror radii were measured during Phase II. The radius of NM1 was 0.0595 mm shorter than the reported radius. This explained the null-mirror separation shortfall discovered during Phase I. The radius of NM1 has little effect on the amount of spherical aberration in the null corrector when the spacing is set with the Invar rods from the center of curvatures of the mirrors. The corresponding change in the distance compensates for the radius change and has a small effect on the emerging wave front. The field-lens BFL was 0.0904 mm shorter than the derived value. This falls slightly outside the measurement uncertainties reported for the radii, thickness, and index of the glass used for the field lens but has a negligible effect on the null-corrector wave front.
In Table 4 the measurement uncertainties for the RNC are summarized. The effect of each tolerance is shown next to the measurement uncertainty. The rss and sum or worst-case analysis are shown at the bottom of the table in terms of Zernike P11 (thirdorder spherical aberration). The delta P11 values are annular Zernikes with a 0.33 obscuration at a wavelength of 0.6328 [im.
The conic constant for the primary mirror is -1.01377, which is slightly larger than the value reported after the Phase I measurements. The error bars have been reduced to +0.000138 as shown in Table 4 . Even the worst case or sum of the errors is +0.000296 and meets the goal set by the HIORP. The error bars were large at the end of the Phase I measurements because of the null-mirror separation shortfall of -0.072 mm. Since the null-mirror radii had not been remeasured, large error bars were assigned to cover worst-case possibilities. A summary of the conic constant values after the Phase I and Phase II measurements is contained in Table 5 .
The effect of the primary-mirror conic-constant uncertainty on the amount of encircled energy lost at the HST focal plane is shown in Fig. 16 lines show the error bars at the end of the Phase I measurements, and the dashed lines show the final error bars after the Phase II measurements. The loss in encircled energy was reduced from ± 1% to less than ±0.1%.
